The HW-translocating inorganic pyrophosphatase (H -PPase) associated with vesicles of the vacuolar membrane (tonoplast) isolated from beet (Beta vulgaris L.) is subject to direct inhibition by Ca2" and a number of other divalent cations (Co2, Mn2", Zn2+ ATPase2 (EC 3.6.1.3) and a H+-PPase (EC 3.6.1.1) (28). The two pumps have been purified to near-homogeneity by independent techniques (6, 18, 25, 29) .
contrast, the HW-translocating ATPase (H -ATPase) located on the same membrane is insensitive to Ca2'+. Here we examine the mechanism and feasibility of regulation of the vacuolar H -PPase by cytosolic free Ca2`under the conditions thought to prevail in vivo with respect to Mg2', inorganic pyrophosphate (PPi), and pH. The minimal reaction scheme that satisfactorily describes the effects of elevated Ca2`or CaPPi on the enzyme is one that invokes equilibrium binding of substrate (Mg2PPi) at one site, inhibitory binding of Mg2PPi to a lower-affinity second site, binding of activator (Mg2+) at a third site, and direct binding of Ca2' or CaPPi to a fourth site. Changes in enzyme activity in response to selective manipulation of either Ca2+ or CaPPi are explicable only if Ca2+, rather than CaPPi, is the inhibitory ligand. This conclusion is supported by the finding that CaPPi fails to mimic substrate in protection of the enzyme from inhibition by N-ethylmaleimide. Furthermore, the reaction scheme quantitatively and independently predicts the observed noncompetitive effects of free Ca2+ on the substrate concentration dependence of H -PPase activity. The results are discussed in relation to the previous proposal that CaPPi is the principal inhibitory ligand of the vacuolar H+-PPase (M. Maeshima [1991] Eur I Biochem 196: [11] [12] [13] [14] [15] [16] [17] and the possibility that in vivo modulation of cytosolic free Ca2+ might constitute a specific mechanism for selective regulation of this enzyme, and consequently for stabilization of PPi levels in the cytoplasm of plant cells.
ATPase2 (EC 3.6.1.3) and a H+-PPase (EC 3.6.1.1) (28) . The two pumps have been purified to near-homogeneity by independent techniques (6, 18, 25, 29) .
It is now clear that both the vacuolar H+-ATPase and H+-PPase mediate electrogenic H+ translocation into the same intracellular compartment. Individual mechanically isolated vacuoles display both ATP-and PPi-dependent inward currents (12) , and the steady-state transmembrane pH difference and electrical potential difference generated by the ATPase and PPase in isolated vacuolar vesicles interact nonadditively and are subject to kinetic control by a common H+-electrochemical potential difference (14, 28) . The continuous and simultaneous operation of both pumps in vivo might, however, appear redundant. Therefore, it is important to know whether the two enzymes are under independent cytoplasmic control. This question is relevant not only for tonoplast energization, but also for gaining a deeper understanding of the general metabolic role of PPi.
PPi is becoming increasingly recognized as an important metabolite in plant cells, where it is present in the cytosol at concentrations of between 200 and 300 Mm (32, 34) . Consideration of two of the best-characterized (soluble) PPi-dependent enzymes in plants-UDP-glucose pyrophosphatase and PPi fructose-6-P-1-phosphotransferase-indicates that modulation of cellular PPi levels could have profound metabolic consequences. Thus, the cytosolic reactions catalyzed by UDP-glucose pyrophosphatase and PPi fructose-6-P-1-phosphotransferase are close to equilibrium in physiological conditions (34) . Diminished cytosolic PPi would therefore be expected to favor the formation of fructose-6-P from fructose 
MATERIALS AND METHODS

Plant Material and Chemicals
Tonoplast vesicles were isolated from the storage root of greenhouse-grown red beet (Beta vulgaris L.) by differential and density gradient centrifugation as described previously (27) 
Calculations
Fitting of kinetic data to phenomenological relationships for inhibition was performed by a nonlinear least squares algorithm (19) . Equations for equilibrium binding models were derived by standard methods (30) , and fitting to the experimental data was judged by eye. Therefore, the resultant constants are likely to represent one set of possible values. (Fig. 3) . Similarly, models in which CaPPi competes for either the substrate or inhibitory Figure 2- the apparent Ko.5(CaPPi) actually decreases with increasing [Mg]free (Fig. 3) . Hence, it is necessary to invoke the notion that Ca2" (or possibly CaPPi) acts at a site separate from either the Mg2" or the substrate binding sites of the enzyme.
The simplest model in this category is shown in Figure 4 . The lower box represents random, equilibrium binding of free Mg2+, substrate (S = Mg2PPi), and inhibitor (I = Mg2PPi) to the enzyme (E), and is derived from our previous studies in nominally Ca2+-free conditions (15) . The only complexes competent in substrate hydrolysis are thought to be ESMg Figure 4 , assuming either that Ca2" or CaPPi is the effective inhibitor. For both the Ca2" and CaPPi models, the predictions shown are the best obtainable. Parameter values for the Ca2" model are the same as those describing Ca2" inhibition in the legend to Figure 5 , with the following exceptions: Vma. = 230 nmol mg-' min-', 6 = 10. For CaPPimediated inhibition, the relevant changes compared with those described in the text ("Results") are Vmax = 325 nmol mg-' min-', 6 = 10, E = 10. Ut and EISMg. Binding of Ca2" is shown at a discrete site, and for simplicity Ca2" binding is assumed to occur only to the Mg2+-complexed form of the enzyme (upper box). (Alternative models in which Ca2' binds to the Mg2+-free form of the enzyme are not excluded, but serve only to increase kinetic flexibility.) To take account of the finding that significant hydrolysis is possible at saturating concentrations of free Ca2+ (Fig. 3) , it must be assumed that at least one Ca2+-complexed form of the enzyme is catalytically competent. Thus, two possible pathways for hydrolysis, analogous to those in the Ca2+-free form of the enzyme, are shown, with the relevant complexes ESMgCa and EISMgCa. Fits generated by this model to the observed data are shown in Figure 5 . Clearly the model yields a reasonable description of the data. The parameter values used indicate a Kd for Ca2`of 0.2 gM. It should be noted that reasonable fits (not shown) can also be achieved with only slight modifications to the parameters in the legend of Figure 5 if CaPPi, instead of Ca2 , is assumed to be the active inhibitory species: the relevant changes are in Kca (now Kcappi), which becomes 0.01 gM, and in c, which takes on a value of 5.
Our preliminary conclusion from a qualitative consideration of the results of Table II was that free Ca2+, rather than CaPPi, is the actual inhibitor of PPase activity (see above). This conclusion is reinforced by the quantitative application of the model in Figure 4 to those data, without prejudice regarding the identity of the inhibitory ligand. The model is The conditions are taken from figure 6B of ref. 17 and refer to points c and d on that figure. Observed rates of activity are derived from the published figure. The ionic activities and complex concentrations are recalculated using SOLCON, and the predicted rates are obtained by inserting these into the model in figure 4 , assuming that Ca2+ rather than CaPPi is the inhibitory species. The model parameters used are identical with those for the red beet PPase detailed in the legend to Figure 5, 6) in comparison with fits to the data set in Figure 5 , despite the fact that the two sets of experiments involved independent modulation of the relevant ligands. Although Maeshima (17) Maeshima's data can also be explained satisfactorily by the model of Figure 4 , wherein free Ca2", not CaPPi, is the inhibitory ligand. When account is taken of the formation of Mg2PPi (15) , and the concentrations of ligands in the assay solutions used by Maeshima (17) are recalculated accordingly (see Table IV legend), the model in Figure 4 yields a good quantitative description of the PPi-dependent effects of free Ca2+ in Vigna (Table IV) . As might be anticipated for this type of interspecific comparison, the quantitative estimates of several kinetic parameters are rather different for the Vigna data (Table IV legend) .
Application of the Kinetic Model
To test the model in Figure 4 further, the effect of a fixed concentration of free Ca2" (4.8 uM) on the substrate concentration dependence of the enzyme was examined.
[Mg]free was fixed at 0.5 mm, and the results are shown in Figure 6 .
From the data it is apparent that the effects of free Ca2" are essentially noncompetitive with respect to substrate concentration and are adequately described by the model in Figure  4 with modifications only to the values of the scaling factor (Vmax) and one of the kinetic constants (8) employed to define the Ca2+-and Mg2"-dependence of enzyme activity in Figure   5 . It is, however, possible that the 10-fold reduction assigned exclusively to 6 comprises in reality smaller shifts in more than one kinetic constant. (32, 34) . Potassium, which is a potent cytosolic activator of the H+-PPase (9) , was employed at a value of 100 mm, which approximates its cytosolic activity (16) Thus, it has been proposed that increased turnover of PPi during light-induced sucrose synthesis (which results in production of PPi) might be facilitated by PPi consumption by the tonoplast H+-PPase (26) . Partial lifting of inhibition of the H+-PPase by Ca2`during photosynthetic activity would provide one mechanism for stabilization of PPi levels.
DISCUSSION
The coregulatory characteristics of [Mg] free are an important corollary to these conclusions. The results in Figure 2 show that the sensitivity of the H+-PPase to [Ca] [Ca] fr, to supramicromolar levels (especially in the vicinity of the vacuole) occur during tip growth (7, 24) and closure of stomatal guard cells (10, 21) . In these circumstances, Ca2+-mediated inhibition of H+-PPase activity of the order of 50% or more would be expected. Our findings therefore offer the interesting prospect that cytosolic [Ca] fr,-elicited modulation of the tonoplast H+-PPase might underlie, or at least be associated with, a range of plant cell regulatory responses.
APPENDIX
The rate equation for the model in Figure 4 can be derived by assuming equilibrium binding of ligands with the enzyme (E), in conjunction with catalytic competence of selected ligand-bound forms of the enzyme (ESMg, EISMg, ESMgCa, EISMgCa). Algebraic analysis was undertaken as described previously (15 Figure 4 to variation in ligand concentration, providing that the equilibrium constants, the relative rates of hydrolysis of the catalytically active forms, the constants defining microscopic reversibility, and the Vmax (which acts simply as a scaling factor) are specified.
